Ramsey spectroscopy with squeezed light 
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Traditional Ramsey spectroscopy has the frequency resolution 2ir/T, where T is the time separation between 
two light fields. Using squeezed states and two-atom excitation joint detection, we present a new scheme 
achieving a higher resolution tt/T. We use two mode squeezed light which exhibits strong entanglement. © 
2013 Optical Society of America 
OCIS codes: 300.6210, 270.6570 



Ramsey's method [1] of using two spatially separated 
optical fields has stood as one of the most successful 
spectroscopic techniques. It was extended from the ra- 
dio frequency domain to the optical domain [2] in 1970s, 
and was experimentally demonstrated [3, 4] shortly af- 
terwards. As the advantages of the entanglement and 
squeezing played more and more important role in im- 
proving the precision of measurements, Wincland et al 
proposed [5] and demonstrated [6] the application of 
atomic squeezed spin states to the reduction of quan- 
tum noise in Ramsey spectroscopy and they approached 
the Heiscnbcrg limit. On the other hand, Agarwal and 
Scully [7] showed that the classical light field in the Ram- 
sey setup can be replaced by nonclassical one leading to 
the enhancement of the signal-to-noise ratio. Further, 
broadband ultrashort laser pulses [8] have been used in 
a Ramsey like setup to improve the resolution. The Ram- 
sey technique has been combined with coherent popula- 
tion trapping techniques to probe the clock transitions 
with much higher accuracy [9], one as can surpass the 
limits set by collisions and saturation effects. In view of 
the widespread applications of the Ramsey spectroscopy, 
we propose a Ramsey spectroscopic scheme using two- 
atom excitation joint detection and squeezed light field. 
We are able to achieve a higher resolution using this 
scheme. We note that the advantages of using squeezed 
light in optical interferometers are well-known [10-12]. 

We start by recalling the method to measure the res- 
onance frequency of a two level atom. In a traditional 
spectroscopy, an atom, prepared in ground state, passes 
through a light field region during time r. The proba- 
bility of detecting it in the excited state has the form 
p e = g 2 r 2 sine 2 (At/ '2) where A is the frequency de- 
tuning between the atomic resonance frequency and the 
light field. Its resolution is restricted by the transit-time 
broadening. The most successful technique solving this 
problem is Ramsey's ingenious idea of using the interfer- 
ence arising from the interaction of a quantum system 
with two regions of phase-coherent fields separated by 
time interval T. The time T can be much longer than 
r as long as it remains smaller than the atomic dephas- 
ing time. The probability of detecting one atom getting 
excited after passing two light field zones exhibits the 



Ramsey fringe p e = p e ■ (cos AT +1). Considering that 
the spatial separation of these two light field zones can be 
much larger than the width of each one, Ramsey fringe 
has much sharper peaks and thus improves the resolution 
for the atomic frequency by a factor of T/t, as can be 
seen in Fig. 2. As is well-known [13], Ramsey's method 
is based on the quantum interference between the transi- 
tion amplitudes in the two excitation zones. The Ramsey 
fringes appear when detecting its excitation probability 
with respect to different r and T. The frequency detun- 
ing A, and hence the atomic resonance frequency, can 
be obtained as the inverse of the fringe period. 

Based on Ramsey's method, we can further improve 
the fringe resolution by using two-atom excitation joint 
detection. The probability of two-atom excitation by a 
coherent field has the form p ee = p\ ■ (cos AT + l) 2 = 
pi ■ (\ cos 2 AT + 2 cos AT + §). This form has a term 
cos2AT which oscillates in time domain twice as fast 
as the single excitation detection probability. However, 
we can also see that its fringe pattern is a mixture of 
cos2AT and cos AT. The slow oscillating term cos AT 
comes from the probability that only one atom is excited. 
If both the two atoms can always be excited simultane- 
ously, the latter term containing the more slowly oscil- 
lating can be eliminated, thus one would be left with a 
pattern resolution improved by a factor of 2. We show 
that squeezed light can be used to eliminate the term 
cos AT which then leads to the resolution improvement. 

Consider the setup, as illustrated in Fig. 1, for two- 
atom excitation by a field in a squeezed state. The light 
fields are created by the spontaneous parametric down- 
converter (SPDC), and then incident on a symmetric 
lossless beam splitter (BS). These feed the two zones in 
which atoms are excited. We identify the two input ports 
as Oj and bj, j = 1,2 Here a,j and bj are the annihilation 
operators for the two modes. The light fields prepared 
in the field zones at time t = are |y(0)) = US(£,)\0, 0), 

where U = -k= . I is the beam splitter operator and 

£(£) = cxp^aJ&J — £*ao&o) is the two-mode squeezing 
operator with £ = re llf . Although the two- mode squeezed 
states arc entangled states, they are separable when they 
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Fig. 1. Schematic of the experimental setup for the Ram- 
sey spectroscopy using squeezed light excitation, clq and 
bo are the vacuum signal and idler fields. 



pass through the BS and they can be written as 



lv(o)) 



ex P [i(?4 2 - r^)]|0) ex P [i(c4 2 - r^)]|0). 

(1) 

We see that each light field is a squeezed vacuum state. 
The vacuum input states obey the commutation relation 
[ao,aJ] = [6o,bg] ~ 1 an d [ a o,^o] = 0. It is straightfor- 
ward to prove that a 2 with b 2 , o,\ with b\ and ao with feo 
bear the same commutation relations. The atomic exci- 
tation in the zones I and II takes place via uncorrelated 
fields. We will see later (4) that this is the reason the 
cos AT term does not appear in the excitation probabil- 
ity. 

Each time two atoms prepared in ground state, are 
sent through the two field zones. Afterwards, the atoms 
arc collected by the detector and the detector registers 
if both the two atoms are detected in the excited state. 
Ramsey fringes appear in the signal registered by the 
detector when one scans AT which is controlled by the 
optical field frequency and the pulses separation in time 
domain. Next we calculate the atom excitation proba- 
bilities. The excitation process of the atom in the field 
zones is described by the interaction Hamiltonian in the 
interaction picture [7] , 

fli(t) = J2 H9iSJa 2 e iAt + h.c.)9(T - t) 

i 

+ Y^ K9iSJb 2 e iAt + h.c.)8(t - T - t)6{T + 2t- t). 

i 

(2) 

The step function 9(t) represents the time regions of in- 
teraction in the two field zones. The <?j is the coupling 
constants. Notice the same phase factor e lA * indicates 
that the two fields have the same phase. In the two- 
atom joint count configuration, we prepare two atoms 
in ground state \gi,gj), and the atoms-field system is in 
the state \ip(0)) = \gi,gj)\f(0))- When the atoms passing 



through the light field zones, they interact with the light 
fields and the final state for the atoms-field system can 
be calculated by using the solution of the Schrodinger 
equation up to second order in the coupling constants, 

W))*\9i>9j)\<p(0)) 

- l f(T)g(a 2 +b 2C lAT )[\e l ,g J )\ip(0)) + \g l ,e J )\ ip (0))} 

+ [-*/(r) 3 (a 2 + fo 2 e 4AT )] 2 |e l ,e,)|^(0)). (3) 

where /(r) = e . 1 . In the limit T ^> t, the single- 
atom and two-atom excitation probabilities after passing 
the two fields can be calculated 

p e = Tr Rc id(ei, gj\ip(t))(ip(t)\e^ gj) 



t Q -iA7\ 



■Pe((al + ble- l/xr )(a 2 +b 2 c [AT )) 



= 2p e sinh r, 

Pee = Tr ficld (e, ; ,e J -|?/'(i)){^(t)|e i ,e :/ ) 



(4) 



= pl((al + ble- iAT f(a 2 - 
= pl[- sinh 2 2r cos(2 AT) 



& 2 e iAT ) 2 ) 



p 2 [l + Vcos(2AT)](8sinh 



sinh r 
1 



sinh 2 2r] 



sinli 2r). (5) 



where p e = f 2 (r)g 2 = g 2 r 2 sine 2 (At/ 2) and V = 
1/(1 + 4tanh 2 r). The visibility of the fringes will be 
given by V. In the derivation, we used the properties 
of the vacuum squeezed state that (a 2 a 2 .} = {b\ b 2 ,} = 
sinh 2 r + 3 sinh 4 r, (a\a 2 ) (b\b 2 ) — sinh 4 r, (a\ fe 2 .} = 
(b\ a* 2 ) = sinh 2 r cosh 2 r, and (a\b 2 ) = • • • = 0. 
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Fig. 2. The interference fringes in two- atom excitation 
joint detection: solid curve, squeezed light excitation 
with r = 0.3 and T = 4r; dashed curve, coherent state 
excitation. The dotted curve denotes p ee for single zone 
coherent excitation probability. All the plots are normal- 
ized to their maximum values. 

The two-atom excitation count with coherent state 
produces Ramsey fringes p ee = p 2 ■ (| cos 2 AT + 
2 cos AT+ 1). These are dominated by the term 2 cos AT 
which has a resolution 2ir/AT. The resolution is de- 
fined as the separation between two adjacent maxima. 



The expression (5) shows that the Ramsey fringes un- 
der squeezed state excitation reveal an interference of 
the form cos(2AT), without the slowly oscillating term 
cos AT. We illustrate p ee for both coherent state input 
(dashed curve) and the squeezed vacuum input (solid 
curve) in Fig. 2, and we can see that, in contrast to the 
coherent state input, the squeezed vacuum state input 
produces Ramsey fringes with only fast oscillating terms 
with resolution ir/AT. This enables one to determine 
the atomic transition frequency with higher precision. 
The visibility of the fringes depends on the squeezing 
parameter r. As shown in Fig. 3, it drops with increase 
in the squeezing parameter. A similar result is known in 
quantum lithography [14,15]. 




Fig. 3. The contrast of the interference fringes in the two- 
atom excitation counts with the squeezing parameter r. 

To understand the physics behind the improvement, 
we recall that the Ramsey fringes arise from the lack 
of knowledge in which path the atoms get excited. In 
the Ramsey spectroscopy with coherent light, the light 
fields are not changed after the atoms are excited, since 
subtraction of a photon from a coherent state leaves the 
state unchanged. Therefore we have no way to know in 
which path the atoms get excited and, as a result, we 
obtain the Ramsey fringes. However, with squeezed light 
containing a photon distribution with only even photon 
numbers, the parity of the light field is changed from even 
to odd once a single atom is excited [16, 17]. In another 
word, we would be able to tell the path in which the 
single atom gets excited by measuring the parity of the 
light fields after the atom passes through, which elimi- 
nates the interference term cos AT term in the Ramsey 
fringes corresponding to a single-atom excitation prob- 
ability. It is important to bear in mind that the loss of 
interference term cos AT is not due to the random phase 
fluctuation of the light fields, but due to the availability 
of the which-path information. In the simultaneous exci- 
tation of two atoms, we still have two paths contributing 
atom 1 excited in zone I, atom 2 excited in zone II, and 
vice versa, and these two paths interfere. The interfer- 
ences arise because the single mode squeezed vacuum 
has the important property that (a 2 ) ^ 0, even though 
(a) = 0. This reminiscent of the interference between two 



independent sources [18, 19] which can occur at the level 
of intensity-intensity correlations. In our case, this is the 
quantity (: 77 :), with I = {a\ + b\c- iAT ){a 2 + b 2 e iAT ). 

Finally, it should be noted that in the experiments, 
one can use a different configuration by applying two 
light pulses with time interval T on to an ensemble con- 
taining a large numbers of atoms, and monitoring the 
fluorescence light from the excited atoms in the ensem- 
ble [8,9]. The fluctuations in fluorescence are determined 
by the quantity (jp ee — p\) and hence such fluctuations 
would provide one with a more accurate method for de- 
termining the atomic frequencies. 

In conclusion, we have shown how Ramsey spec- 
troscopy with squeezed light beams could provide us 
a method with increased resolution. Our results sug- 
gest the usefulness of nonclassical light beams in Ram- 
sey spectroscopy. Our work can be extended to the case 
of the two photon Ramsey spectroscopy, the results for 
which would depend on the higher order quantum cor- 
relations of the field [20] . 
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